Introduction
Erosions by overland flow and seepage have been hypothesized as the dominant factors in the initiation and evolution of gullies and channels. Many studies on channelization due to erosion by overland flow have been carried out 1),2),3),4),5), whereas fewer studies have focused on seepage erosion. According to Dunne6), seepage is defined as groundwater that emerges from rock or sediment, and seepage erosion is defined as the removal of mass from a seepage face. Howard and McLane7) conducted a series of experiments in a narrow chamber (the two-dimensional experiments). At the upstream end of the chamber, the constant water depth was set, and, at the downstream end, the outflow was fixed at the level of the chamber base. The longitudinal profile of the sediment layer forms a trapezoidal shape in the chamber, where subsurface water flows from the upstream end through the sediment and emerges at the downstream scarp (the seepage face). They proposed three major process zones on the face, sapping zone, undermining zone and fluvial zone. The sapping zone is the zone of seepage outflow, the undermining zone is the combined dry and damp sand faces above the sapping zone, and the fluvial zone is the downstream of the sapping zone, where surface water flows on the chamber bed covered with several grain diameters thickness, and grains move individually as bed load. From their experiments, they concluded that the rate of seepage erosion in cohesionless sediment can be determined by the capacity of fluvial transport to remove sediment eroded in the sapping zone.
Subsequently, the studies of channelization by seepage erosion in wide chambers (the three-dimensional experiments) were conducted. Howard8) conducted the experiments in an aluminum tank 5 feet square and 2 feet high with cohesionless and slightly cohesive sands. He found that high flow rates cause more active channels with wider widths, and channels are narrower and deeper in the case of slightly cohesive sand. Kochel and Piper9) conducted the experiments using fine and coarse sands in the flume with broader width of 2.5m. They investigated the responses of channels to the effects of structural and/or stratigraphic variations in the surface in order to mimic the evolution of channels on the Hawaii Islands. They found that the light-bulb shape of headcut in plan (or large head width) is caused by the accelerated discharge. Groundwater piracy, in which one channel through headward erosion intercepts and pirates the flow of an adjacent channel, was observed in most experiments. Similar experiments in a different operational procedure were conducted by Gomez and Mullen10). The drainage area of 1.8m width using fine sand was formed a V-shaped cross section to encourage the development of a trunk stream at the center. While a constant head tank located upslope of sediment layer was used for groundwater recharge in Howard8) and Kochel and Piper9), two sprinklers were used in the experiments of Gomez and Mullen10). They investi- Fig. 1 that the seepage erosion in rock is uncertain.They explained that, in the Colorado Plateau, groundwater seepage cannot remove boulders and gravel that lie on the canyon floor, but high-magnitude flash floods are possible. In Hawaiian basalts, they found no direct evidence of seepage erosion. As a result, they proposed that the amphitheater-headed valleys in the Colorado Plateau and the Hawaiian Islands, formally related to the seepage erosion, are carved by other processes such as waterfall and plunge pool. It is clear that, at present, we still lack the knowledge of the actual erosion mechanism responsible for seepage erosion. Comparing with previous studies of the three-dimensional experiments, this study aims to investigate the fundamental scales of gullies in terms of layer thickness, chamber slope and water discharge. A series of the three-dimensional systematic experiments was conducted for a wide range of layer thickness and chamber slope. Uniform coarse plastic pellets used as sediment have an advantage of sediment reuse and provided satisfactory results.
2.
Experimental setup chamber, the top tank, the upstream reservoir and the downstream reservoir, respectively. At the top tank, constant water level is fixed by an overflow weir. Water discharge from the top tank flowing down to the upstream reservoir is controlled by a valve. When water level in the upstream reservoir becomes sufficiently high, water will overflow through a narrow-opening screen to the experimental chamber. The screen is used for creating laterally uniform flow. Before the water reaches the upstream face of sediment layer, it has to flow through a wire mesh barrier, used for supporting the sediment layer. The dimensions of sediment layer are 150cm in width and 120cm in length, but the thickness can be varied. The chamber can be tilted to the desired slope. We glued sand grains on the surface of the chamber bed in order to increase the friction resistance. At the downstream face of the sediment layer, a scarp with the slope of 1:2 (vertical:horizontal) in reference of the chamber bed is created. In every experiment, subsurface water flows through the sediment under the upland surface and emerges at the scarp (seepage face) where channels will be initiated by seepage erosion. Then, water and entrained sediment will fall down to the downstream reservoir, where water is circulated to the top tank by a pump. Figure 3 shows the material used as sediment in this study. Cohesionless artificial plastic pellets (Acrylic , PMMA) are used in this study. The pellet has the shape of an elliptic cylinder with approximately 3mm in major axis, 2mm in minor axis and 3mm in height. The specific gravity is 1.19, and the angle of repose is about 540. Before the start of every experiment, we mix sediment with water in order to maintain the same moisture condition. During the experiment, water discharge is controlled by the valve connected between the top tank and the upstream reservoir. Generally, water discharge will be gradually increased every 5min if the active erosion does not take place. Two CCD cameras, installed above and in front of the sediment layer, are used to capture the evolution of channels every 15s and 30s, respectively. Discharges are measured every 5min by collecting water that falls to the downstream reservoir if no active erosion occurs during the measurement.
3.
Results and discussion 3.1 Common characteristics of channelization The common characteristics of the channel evolution by seepage erosion in this study are described in this section. At the beginning of the experiment, we allow small water discharge flowing through the sediment.
Thus, small quantity of water emerges from the seepage face randomly and flows down to the downstream reservoir as water droplets.
However, some sediment on the scarp, where the seepage occurs, moves out and falls down with water to the downstream reservoir. As we increase water discharge, the seepage expands and covers the whole area of the scarp toe, forming the saturated sapping zone. The water drops become strips of water, and more sediment in the sapping zone is entrained and drops to the downstream reservoir, as shown in Figure 4 Figure 5 . During experiment running, erosion process sometimes cease, and that we need to increase water discharge to resume the evolution of channels. It is found that the magnitude of seepage erosion strongly depends on water discharge.
However, sediment layer thickness and chamber slope also influence the formation and evolution of channels, and it will be described by four experiments in the following section.
3.2 Experiments 13, 16, 28 and 32 Table 1 shows 33 experimental cases with varying sediment layer thickness and chamber slope. Experiments 1-9, in which thickness is 5cm, failed because of non-uniform flow in the lateral direction and overland flow by too thin layer thickness. After adjusting the apparatus and increasing the thickness, the experiments were performed successfully except the experiment 17 that the camera battery ran out. The results of the experiments 13, 16, 28 and 32 were provided in this section as the typical examples of our experiments. The experiments 13 and 16 have the same initial condition (the thickness and the slope), but the experiment 16 has larger discharge than the experiment 13. The experiments 13 and 28 have the same chamber slope but differ in sediment layer thickness. The experiments 28 and 32 have the same sediment layer thickness but differ in chamber slope. Figures 6-7 show the evolution of channels due to seepage erosion in the experimental chamber for four experiments 13, 16, 28, and 32, respectively. Each line shows the evolution of channels with reference to the upland surface at a specific time or a time interval. In the legend of the figures, digits after a line symbol denote a specific time or a time interval in minutes, * denotes that erosion is in unsteady state at that time, "end" denotes the end of experiment , and digits in the blanket denote the maximum, measured discharge in liters per minute at that time. Each experiment will be explained in the following sections.
The result of the experiment 13 is shown in Figure  6a . The sediment layer thickness is 10cm with the chamber slope of 0.107. At 25min, the discharge was 16.121iter/min, the saturated sapping zone was clearly observed on the scarp. However, the seepage was not strong enough to cause a mass failure. We increased the discharge at 26min. Between 29-30min, the first mass failure suddenly occurred at 20cm from the right bank. However, it stopped within a few minutes later. At 35min, the discharge measured 16.891iter/min. As the discharge increased further, the slope close to the center of the scarp collapsed, when elapsed time was 40min. At this location, the channel progressed very fast. Seepage erosion simultaneously occurred all along the rim of the channel, and that it caused the center channel wider and longer. When the center channel reached the upstream end at 45min, we However, the first initiated channel near the right bank did not propagate at all after 31 min.
The experiment 16 has the same initial conditions as the experiment 13. At 51 min, we increased the discharge well above the erosion threshold. The discharge is larger than that in the experiment 13. Due to the large discharge, the seepage erosion and the evolution of channels were very active, as shown in Figure 6b . More gullies with larger scale of the width were observed. Howard8 found that high discharge causes more active channels with wider width. The present study confirmed his result. Water discharge is found to be an essential parameter that determine the initiation and evolution of channels.
In the experiment 28, the sediment layer thickness reduces from 10cm to 6cm, but the chamber slope is still the same as the experiment 13. Figure 7a shows the channel evolution with time. In this experiment, due to thin thickness, we observed high water depth rising very close to the upland surface. Although, it does not show in this paper, we did try the experiment with 5cm thick and found that overland flow occurred at the furthermost upstream and eroded the sediment very rapidly. At 45min, the discharge measured 22.061iter/min. At 46min after increasing dis- At 31min, two large slope failures took place at the right bank and near the center. The erosion was so large that more than half of the seepage face was collapsed. Due to the large width of the center channel, it was not eroded uniformly along its rim, but the erosion swing from one side to the other side. The swing of head cutting corresponds to the movement of sediment in the fluvial zone. It implies that bifurcation is more pronounced when the chamber slope becomes steeper. Then, the seepage erosion of the channel near the center ceased at 33min, whereas the erosion of the channel at the right bank continued until the time elapse of 34min. The discharge measured 22.891iter/min at 35min. As we increased water discharge further, erosion resumed, and we stopped the experiment at 37min. Although the head cuts formed amphitheater heads similar to two previous experiments, their plan view did not form spoon shapes. ter channel initiation. Thus, the upper and lower ranges of each point mean the measured discharges before and after channel initiation, respectively. In Figure 8a , for sediment thickness of 10cm, some experiments show a wide range of expected threshold erosion because of the unintentional increase of discharge. Figure 10 shows the relationship between the width of the dominant channel, chamber slope and sediment layer thickness. The dominant channel is chosen from the largest channel found in each experiment.
From the experimental results, we found that the width of channels changed very little after channel initiation, but the length of channels actively propagated by head cutting. From the figure, no clear relationship between channel width and chamber slope is found. However, the averaged values of channel width for different sediment layer thickness show that the width decreases as the thickness decreases.
It is possible that the scale of channel width corresponds to the scale of mass failure, and that an increase of layer thickness induces larger scale of mass failure.
Conclusion
A series of the experiments of seepage erosion with cohesionless sediment was conducted with varying water discharge, sediment layer thickness and chamber slope. The processes of seepage erosion were observed in the experiments such as groundwater sapping, sediment transport in the fluvial zone, tension cracks, and slope failures.
Amphitheater head of channels due to seepage erosion were also observed in the experiments. From the experiments, water discharge was found to be a dominant parameter in controlling the formation and evolution of channels. The magnitude of erosion strongly depends on water discharge. In addition, with the same sediment layer thickness and chamber slope, higher discharge initiates more gullies with larger scale of width. As sediment layer thickness decreases, we found that the width of channels becomes smaller, but the threshold water discharges to initiate channels increase. If chamber slope is mild, high water depth can be seen, and seepage erosion simultaneously occurs along the rim resulting in the spoon-shaped channel. As chamber slope becomes steeper, seepage erosion swings from one side of channel to the other side, and the shape is less symmetric.
